Hole spins in silicon represent a promising yet barely explored direction for solid-state quantum computation, possibly combining long spin coherence, resulting from a reduced hyperfine interaction, and fast electrically driven qubit manipulation.
by the need to minimize local Joule heating, which translates into rather limited Rabi frequencies, typically below 10 MHz. A third approach enabling all-electrical yet magnetically-driven ESR was successfully demonstrated. 13, 14 It uses a micro-magnet to locally create an inhomogeneous magnetic field in which the qubit electron is "shaken" by oscillating a gate voltage. This approach has so far enabled Rabi frequencies as high as 100 MHz but a recent theoretical work showed that the magnetic field gradient induces extra dephasing. 15 Finally a last electrical manipulation have been recently demonstrated on a P donor in silicon using Stark shift for coherent rotation. 16 The precise SO-related mechanism underlying spin manipulation depends on the nature of the SO interaction. In the case of Rashba and Dresselhaus SO interaction, spin rotation is achieved via the so-called mechanism of electric dipole spin resonance (EDSR), 17, 18 experimentally demonstrated for electron qubits in GaAs , 17 InAs , 19 InSb 20 and carbon nanotube 21 quantum dots. The SO interaction can as well result in gate-dependent and anisotropic g-factors. In this case, another possibility arises : spin manipulation via electrically driven g-tensor modulation resonance (g-TMR), as demonstrated for electrons spins in InGaAs-based heterostructures. 22 This latter approach could as well be applied to hole-type quantum dots. A few examples of gate defined hole quantum dots were reported in the recent years [23] [24] [25] [26] [27] [28] and, to the best of our knowledge, the only experimental demonstration of a SO-mediated hole-spin resonance was reported for InSb nanowire quantum dots. 28 The implementation of hole spin qubits in silicon-based quantum dots would be particularly interesting owing to the lower hyperfine coupling and the compatibility with mainstream silicon technology.
In this letter we show that state-of-the-art metal-oxide field-effect transistors (MOSFETs) can be operated as p-type quantum dots in the few-hole regime. So far, the few-hole regime in quantum dots had only been reached in bottom-up nanowires, based on either InSb 28 or silicon, 29, 30 while the operation of top-down nanostructures was limited to large numbers of holes . 23, 24, 31, 32 Using magneto-transport measurements at low temperature, we study the Zeeman splitting of the first hole level accessible evidencing a spin doublet with predominant heavy-hole character. The anisotropy and gate-dependence of the corresponding hole g-factor reveal that the studied system meets all the requirements to be used as a spin qubit electrically manipulated by g-TMR. Simulations predict Rabi frequencies exceeding several hundred MHz, more than two orders of magnitudes higher than those of recent works on electron spin qubits. 7, 9, 33 The measured transistors were fabricated on a complementary metal-oxide semiconductor (CMOS) platform starting from 300-mm-diameter undoped silicon-on-insulator (SOI) wafers ((100) surface orientation). Fabrication involves several steps of optical lithography, metal/dielectric deposition, and etching. The use of an industrial-level CMOS platform presents crucial advantages:
an excellent electrostatic control of the undoped channel is achieved despite ultimate characteristic dimensions, with a channel length of about 25 nm oriented along the [110] direction, width and thickness of about 10 nm (see fig. 1a ),b)); the devices benefit from low-resistance source and drain leads fabricated through a boron implantation process followed by silicidation. These two features enable the achievement of the few-hole regime reported here. The high control and reproducibility of CMOS technology is also essential for qubit integration towards large-scale quantum computing architectures.
Devices were studied in a 3 He measurement setup with a base temperature of 260 mK. A 9-T superconducting magnet and a mechanical sample rotator were used to investigate the hole g-factors and their angular dependences with an estimated error of ±5 • . Electrical measurements were performed using both direct current (DC) and low-frequency lock-in techniques. In our setup, noise attenuation along the DC lines is carried out at room temperature, using pi-filters, and at low temperature, using low-pass RC filters (∼ 10kHz cut-off frequency) thermally anchored to the which means that the last hole in the channel has been most probably observed. 30 Note however that an irrefutable proof would be given by a charge detection method. Details about electronic transport in the regime of a higher number of confined holes are presented in the supplementary material S2.
T= 260 mK
A magnetic-field dependence provides information on the spin states of this first hole. Fig. 2(a) shows a high-resolution tunnel spectroscopy at the charge transition between the zero-and onehole state (0h and 1h, respectively). The measurement was performed at 260 mK under a 6-T in-plane magnetic field, B // , parallel to the channel (see fig. 1(a) ) . The corresponding g-factor is labeled as g 0h/1h //
. The lever-arm parameter α, relating gate-voltage and electrochemical-potential (µ) variations (i.e. α = dµ/dV g ), can be obtained from the diamond slopes. We estimate α = 0.85 eV/V: such a large value, close to unity, demonstrates the excellent gate control over the channel electrostatic potential. Among some ridges invariant under magnetic field, which we ascribe to resonances in the density of states of the leads, 35 a strong ridge can be clearly observed in fig.2(a) , highlighted by a black arrow. This ridge denotes the onset of tunneling via the 1-hole, excited spin state whose separation from the ground state increases linearly with magnetic field as shown in fig.2(b) . This data indicates that the first energy level is two-fold degenerate constituting a spin doublet. The degeneracy lifting between heavy and light holes observed here is a consequence of the strong confinement at the silicon interface.
From the data of fig. 2(b) we extract the in-plane g-factor g
blockade region 0h The g-factor exhibits a strong variation also as a function of the polar angle θ (see fig. 1(a) ). The θ dependence measured in the plane orthogonal to the channel axis (i.e. for φ = 90 • ), is illustrated in fig. 2(d) . When the magnetic field is aligned along the vertical axis (θ = 0 • ), perpendicular to the substrate plane, the g-factor reaches its smallest value g 0h/1h ⊥ =1.5. Moreover, figures 2(c) and (d) seem to suggest a non-sinusoidal anisotropy. Due to an experimental uncertainty of (±5 • ) on the angle between the magnetic field and the channel axis, however, we cannot conclude on the actual functional form of the angle dependence.
GS ES
We note that our results are compatible with earlier measurements of the hole g-factor in a silicon-nanowire quantum dot. 30 In that work a g-factor of 2.3 was reported for the first hole and a magnetic field perpendicular to the substrate (and hence to the nanowire). Angular dependences were not addressed in that paper. The g-factors obtained here are strongly anisotropic and mostly below the expectation for heavy holes in a two-dimensional silicon layer, namely |g|=6*|κ| where the Luttinger parameter |κ| ≈0.42 in silicon. 36 This result is likely due to the stronger confinement and the associated mixing between heavy and light hole states. Since confinement is gate-voltage dependent we may expect g-factors to vary with V g , which may open the possibility for spin manipulation g-TMR. This possibility, originally demonstrated for electrons in InGaAs heterostructures, 37 was recently investigated for the case of holes in SiGe self-assembled quantum dots. 38 It was shown that for a fixed, odd number of holes in the quantum dot, a relative small gate-voltage modulation could induce Rabi oscillations at a frequency of 100 MHz.
Following a similar approach, we focus on the first-hole regime and investigate the gate-voltage dependence of the parallel and perpendicular components of the hole g-factor. In order to evaluate the maximal variation of the g-factor components within the 1-hole regime we compare the already discussed tunnel spectroscopy measurement of the Zeeman splitting at the 0h/1h transition with analogous measurements at the 1h/2h transition, i.e. around V g = −612 mV. To study the Zeeman splitting at the transition 0h/1h we have recorded a conductance trace at finite positive V b depending on V g marked by a black dashed line in the inset of fig. 2(a) . The same way we have recorded a conductance trace at negative V b (black dashed line in the inset of fig. 2(a) ) to study the 1h/2h transition. The sign of V b has been choosen to have the best contrast between the Zeeman excited state conductance peak and the conductance peaks associated to local density of states in the leads.
We emphasize that both sets of measurements , while corresponding to different charge transitions fig. 2(c) , g // goes from 2.6 at the 0h/1h transition to 1.85 at the 1h/2h transition). Assuming a linear evolution of g // with V g , we deduce
≈ 0.025/mV while g ⊥ is constant at a value of 1.5, see fig. 3a ). Finally we compute the Rabi frequency at φ ≈ 90 • with the following expression:
The optimal magnetic field angle θ max with respect to the device plane is then given as
• . The corresponding Rabi frequency exceeds 600 MHz, i.e. significantly larger than Rabi frequencies reported for electric-field driven spin resonance in III-V semiconductor nanostructures (up to 100 MHz in InSb nanowires 39 ). In addition to a large Rabi frequency, a conveniently long spin coherence time may be expected in the hole spin qubits studied here. Assuming spin coherence to be limited by hyperfine coupling, we expect T * 2 ≈ 1.5µs for a hole spin in a [13nm] 3 silicon quantum dot, which is two orders of magnitude larger than in III-V semiconductors (see supplementary material S5).
In conclusion, the few-hole regime has been achieved in a p-type silicon quantum dot confined within the channel of a field-effect transistor based on industrial level SOI technology. A detailed study of the first accessible hole reveals an anisotropic and gate-dependent hole g-factor. The observed gate dependence is maximal for the in-plane g-factor component perpendicular to the channel of the transistor. Moreover we have discussed the revealed anisotropy and gate-dependence in term of possible g-TMR. We estimate that Rabi frequencies as high as several hundred MHz could be reached with realistically strong gate modulation. These frequencies are at least two orders larger than in the case of electron spin qubits using magnetically driven spin resonance. 7, 8, 40 In view of the demonstrated potential for fast electric-field driven spin manipulation, the reduced hyperfine interaction expected from the p-symmetry valence band states, and the full compatibility with mainstream microelectronics technology, the silicon-based p-type quantum dots studied here appear to be an attractive option for spin qubit applications. Figure 3 : Illustration of the g tensor modulation technique. A different gate dependence for g ⊥ and g || combined with an anisotropy a) leads to an equivalent oscillatory magnetic field b) when a time dependent gate voltage is applied together with a static magnetic field B 0 . This can drive transition between spin states at a speed given by the Rabi frequency. This frequency depends on the system parameters and can exceed 600 MHz in our system. The calculation c) is performed using:
≈ 0.025/mV , g || = 2.6, g ⊥ = 1.5, B 0 =1 T and V ac =10 mV. 
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